The adsorption of indole onto chromium, iron and iron/chromium mixed oxides has been studied using UV-vis spectrophotometry, FT-IR spectroscopy and scanning electron microscopy (SEM) with the aim of obtaining an in-depth understanding of the adsorption mechanism. The maximum extent of adsorption was observed in acidic medium (pH ~ 4.0), the corresponding data being fitted by the Langmuir adsorption isotherm. Chromium oxide showed a higher adsorption affinity than the other metal/mixed metal oxides studied. The adsorption of indole onto the various metal oxides was also studied by SEM methods. FT-IR studies of indole, the metal oxides and the indole-metal oxide adduct showed that interaction occurred through attraction between the positively charged surface of the metal oxides and the negatively charged indole moieties. A dominating factor in the adsorption mechanism could be the π-electron system of the indole molecule. The results of the present study suggest that metal oxides could play an important role in the adsorption and removal of toxicological compounds possessing an indole ring system.
INTRODUCTION
The interaction of biological molecules with inorganic compounds is of considerable importance, with metal oxides being shown to act as good adsorbents and catalysts in various chemical reactions. Thus, alumina has been shown to catalyze peptide formation under mild conditions (Basiuk and Sainz-Rojas 2001) . Similarly, the mixed metal oxide Mo-V-Sb-Nb-O system has been reported to be a good catalyst for the selective oxidation of propane to acrylic acid (Al-Saeedi and Guliants 2002) , and Olga and co-workers (2004) have used this system as a catalyst for the ammoxidation of propane to acrylonitrile. An alumina-supported chromium-based mixed oxide has been used as a catalyst in the oxidative dehydrogenation of isobutane to isobutene (Elbashira et al. 2003) . The catalytic properties of mixed metal oxides used for the oxidation of propane and propene have been studied by Taylor and co-workers (2002) .
The photocatalytic behaviour of metal oxides is also known and has been studied extensively. Thus, Ln 2 O 3 -doped TiO 2 has been used in the photocatalytic degradation of salicylic acid and t-cinnamic acid (Ranjit et al. 2001) , while the ZrO 2 /TiO 2 system has been used as a catalyst in the photo-oxidation of salicylic acid (Colon et al. 2002) . The photocatalytic degradation of o-cresol sensitized by iron/titania has also been reported (Pal et al. 2001) . Some metal oxides also act as effective adsorbents. Thus, MgO, CaO and Al 2 O 3 have been used as adsorbents for air pollutants by Khaleel et al. (1999) , while the adsorption of anisole and benzoic acid onto magnesia, alumina, titania and silica has been studied by El'tekov and El'tekov (1987) .
The prebiotic synthesis of purine, adenine, cytosine and 4(3H)-pyrimidinone from formamide has been found to be catalyzed by inorganic oxides, viz. calcium carbonate, silica, alumina, kaolin and zeolite. Their application in the origin of life has been discussed by Saladino et al. (2001) . The present work is focused on the interaction of indole with chromium oxide, iron oxide and a mixed iron/chromium oxide (1:1 atomic wt. ratio). Indole is the main constituent of a number of azo dyes and organic compounds which produce water pollution. Studies of the adsorption of indole and similar compounds onto metal oxides could be helpful in developing advanced adsorption methods for the removal of these toxic substances from water/wastewater.
In the present work, the adsorption phenomena have been studied using UV-vis, FT-IR and scanning electron microscopy methods.
EXPERIMENTAL

Material and apparatus
Chromic chloride (Lancaster Synthesis, Ward Hill, MA, U.S.A.), ferric chloride (Fluka Chemicals, Gillingham, Dorset, U.K.) and indole (Lancaster Synthesis, Ward Hill, MA, U.S.A.) were used as received. All other chemicals were of A.R. grade and were used without further purification.
The electronic spectrum of indole was recorded on a Shimadzu UV-1601, UV-vis spectrophotometer, the characteristic λ max value for indole being 264.0 nm. The infrared spectra of the adsorbents, adsorbates and adsorption adduct were recorded via a PerkinElmer model 1600 FT-IR spectrometer employing the KBr disc method. Scanning electron micrographs of the metal oxide and adduct were obtained via a LEO 435 VP scanning electron microscope. The precipitates obtained were heated in a Gallenkamp muffle furnace, while TGA and magnetic susceptibility measurements were undertaken on a Stanton-Redcroft model 780 instrument and an EG & G PARC model 155 vibrating sample magnetometer, respectively. X-Ray diffraction spectra of the metal oxides were recorded using a Philips Hall model PW 1410/20 diffractrometer.
Methods
Preparation of metal oxides
Metal oxides were prepared by the precipitation method. Thus, liquid ammonia was added dropwise into 500 mᐉ of 0.1 M solution of CrCl 3
• 6H 2 O or FeCl 3 until the pH of the resulting solution attained a value of 10. The respective metal hydroxides thus precipitated were filtered and washed thoroughly with doubly distilled water, dried at 60 °C for 24 h in an electric oven and then heated in a muffle furnace at 500 °C for 5 h.
The iron/chromium (1:1) mixed oxide (1:1 atomic wt. ratio) was prepared using the co-precipitation method. Thus, liquid ammonia was added slowly to 500 mᐉ of a mixture of 0.1 M FeCl 3 and 0.1 M CrCl 3
• 6H 2 O solutions. The resulting solution was stirred vigorously until its pH reached a value of 10. The resulting precipitates were filtered and dried for 24 h at 60 °C and then heated in a muffle furnace for 5 h at 500 °C.
The synthesized metal oxides were ground and sieved through a 100 mesh sieve and TGA, magnetic susceptibility, IR and XRD studies carried out to confirm the purity of the obtained materials.
Adsorption studies
The effect of varying the concentration of indole over the range 0.5 × 10 -4 M to 4.0 × 10 -4 M was studied to investigate the saturation conditions. Similarly, the effect of pH on the adsorption of indole onto the metal oxides was studied at varying pH values over the range 4.0-9.0. Very little adsorption was found either under neutral (pH ~ 7.0) or basic conditions (pH ~ 9.0), the maximum adsorption of indole onto the metal oxides being found to occur in acidic media (pH ~ 4.0). Consequently, all subsequent studies were undertaken under acid conditions. In such studies, 25 mg of the prepared metal oxide was added to 10 mᐉ of a series of aqueous solutions containing varying concentrations of indole. The mixtures thus obtained were shaken vigorously for ca. 10 min and then stored overnight at room temperature. The absorbance of the supernatant was noted at 264.0 nm after a contact time of 24 h, when the measured concentration of indole was compared with its initial concentration by comparing the respective optical densities.
RESULTS AND DISCUSSION
Magnetic susceptibility and X-ray studies
Magnetic susceptibility measurements (data recorded in (Table 2) .
Adsorption studies
The maximum adsorption of indole onto iron oxide, chromium oxide and the Fe/Cr (1:1) mixed oxide occurred in acidic media (pH ~ 4.0). Adsorption studies were undertaken over a wide range of adsorbate concentrations (0.5-4.0 × 10 -4 M), with the corresponding adsorption isotherm being obtained by plotting the amount of indole adsorbed (mg/g) versus its equilibrium concentration (mg/ᐉ). The percentage adsorption of indole onto the respective metal oxides was determined from the adsorption isotherm, with the corresponding results being recorded in Table 3 portions of the isotherms showed a linear relationship between the amount of indole adsorbed and its equilibrium value, with saturation phenomena being observed at higher concentrations ( Figure 1 ). The adsorption data could be fitted by the Langmuir adsorption isotherm in the form: magnitude of X m and the data for the percentage adsorption suggest that the adsorption of indole attained a maximum value on pure chromium oxide. The isoelectric point for chromium oxide is ca. 7.0 (Latimer Jr. et al. 2000) while that for iron oxide is 8.5 (Parks and de Bruyn 1962). Below the zero point of charge, both chromium oxide and iron oxide possess positively charged surfaces. Like pyrrole, indole is a π-electron-excess where C e corresponds to the equilibrium concentration of indole, X e is the amount of indole (in mg) adsorbed per g adsorbent, X m is the amount of indole adsorbed at saturation and K L is the Langmuir adsorption constant. A typical plot of C e versus C e /X e was linear as shown in Figure 2 . The values of X m and K L were calculated from the plots obtained and are listed in Table 4 
IR studies
In order to obtain a better insight into the interaction of indole with metal oxides, IR studies were undertaken on the metal oxide-indole adduct. Thus, after indole adsorption, the metal oxides were washed with water, completely dried and subjected to IR studies. These showed that the frequency of the N-H group in indole at 3400 cm -1 was shifted to 3415 cm -1
, 3435 cm -1 and 3420 cm -1 , respectively, when the molecule was adsorbed onto iron oxide, chromium oxide and the Fe/Cr (1:1) mixed oxide, respectively. A slight change was also noted in the M-O stretching frequency of the metal oxides after adsorption, with this shifting from 552 cm -1 to 560 cm -1 , from 569 cm -1 to 581 cm -1 , and from 615 cm -1 to 625 cm -1 in the corresponding spectra of iron oxide, chromium oxide and the Fe/Cr (1:1) mixed oxide. These observations suggest that the adsorption of indole molecule, i.e. the π-electron density on the carbon atoms is greater than that on the benzene ring, and this is reflected in the formation of π-complexes with acceptor molecules. Indole is a hybrid of a number of canonical forms leading to an effective negative charge on the molecule as a whole, although the overall charge on the molecule is zero. Hence, in acidic media, interaction may occur between a metal oxide possessing a positively charged surface and the π-electron cloud of the indole molecule: 
SEM studies
Scanning electron microscopic studies of chromium oxide and the chromium oxide-indole adduct were also performed and the corresponding micrographs are depicted above in Figures 3(a) and (b) , respectively. These SEM images show that the texture of the chromium oxide surface was changed after the adsorption process.
CONCLUSIONS
Experimental investigations have shown that Fe 2 O 3 , Fe 2 O 3 /Cr 2 O 3 and Cr 2 O 3 are good adsorbents for indole. Of the three, maximum adsorption was exhibited onto Cr 2 O 3 . The most suitable pH value for such adsorption was established as 4.0. To establish the possible adsorption sites, such adsorption behaviour was studied via FT-IR spectroscopy. SEM images showed that the texture of the chromium oxide surface was changed after contact with an aqueous solution of indole for 24 h, confirm the adsorption of indole molecules onto the surface of the metal oxide. The present study clearly demonstrates the importance of metal oxides in the adsorption of indole and its derivatives.
The obtained results may be useful for the development of adsorption-based methods for the removal of impurities from polluted waters.
